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A B S T R A C T   

The recent rise in illicit use of methamphetamine (METH), a highly addictive psychostimulant, is a huge health 
care burden due to its central and peripheral toxic effects. Mounting clinical studies have noted that METH use in 
humans is associated with the development of cardiomyopathy; however, preclinical studies and animal models 
to dissect detailed molecular mechanisms of METH-associated cardiomyopathy development are scarce. The 
present study utilized a unique very long-access binge and crash procedure of METH self-administration to 
characterize the sequelae of pathological alterations that occur with METH-associated cardiomyopathy. Rats 
were allowed to intravenously self-administer METH for 96 h continuous weekly sessions over 8 weeks. Cardiac 
function, histochemistry, ultrastructure, and biochemical experiments were performed 24 h after the cessation of 
drug administration. Voluntary METH self-administration induced pathological cardiac remodeling as indicated 
by cardiomyocyte hypertrophy, myocyte disarray, interstitial and perivascular fibrosis accompanied by 
compromised cardiac systolic function. Ultrastructural examination and native gel electrophoresis revealed 
altered mitochondrial morphology and reduced mitochondrial oxidative phosphorylation (OXPHOS) super-
complexes (SCs) stability and assembly in METH exposed hearts. Redox-sensitive assays revealed significantly 
attenuated mitochondrial respiratory complex activities with a compensatory increase in pyruvate dehydroge-
nase (PDH) activity reminiscent of metabolic remodeling. Increased autophagy flux and increased mitochondrial 
antioxidant protein level was observed in METH exposed heart. Treatment with mitoTEMPO reduced the 
autophagy level indicating the involvement of mitochondrial dysfunction in the adaptive activation of autophagy 
in METH exposed hearts. Altogether, we have reported a novel METH-associated cardiomyopathy model using 
voluntary drug seeking behavior. Our studies indicated that METH self-administration profoundly affects 
mitochondrial ultrastructure, OXPHOS SCs assembly and redox activity accompanied by increased PDH activity 
that may underlie observed cardiac dysfunction.   

1. Introduction 

Methamphetamine (METH) is a highly addictive psychostimulant 

drug [1–3]. METH addiction is a growing worldwide health crisis, 
especially in the United States, due to its ease of illicit manufacturing, 
increased purity, and availability to people susceptible to addiction 
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[4–6]. METH use has been implicated as a causal factor of vital organ 
and tissue systems failure in the body. Notably, cardiovascular diseases 
underlie the second leading cause of death in people who use METH 
following accidental overdose [2,7]. METH addiction profoundly affects 
the cardiovascular system, causing acute and chronic effects, including 
acute sinus tachycardia, acute coronary vasospasm, pulmonary arterial 
hypertension, acute myocardial infarction, myocardial ischemia, and 
cardiomyopathy [2,8–14]. Remarkably, cumulative case-control studies 
consistently reported clinical pathologies of METH-associated cardio-
myopathy in patients who use METH with a significantly increased 
prevalence of heart failure with chronic METH use [9,11,15–18]. 
METH-associated cardiomyopathy has been clinically presented with 
right and left ventricular (LV) chamber dilations, cardiac hypertrophy, 
severely reduced LV percent ejection fractions (LVEF), and heart failure 
(HF) in individuals who use METH [9,15–17]. Notably, independent 
studies showed compromised LVEF in even young people who use METH 
irrespective of sex, race, and other common cardiovascular risk factors 
[15,19–22]. Cellular and molecular characteristics of METH-associated 
cardiomyopathy in humans are characterized by myocardial lesions, 
necrotic foci, ischemia, myocardial immunogenicity, signs of inflam-
mation, and extensive perivascular and interstitial fibrosis [11,15,23]. 
In addition, METH-cardiomyopathy patients also exhibit a correlation 
between the extent of cardiac fibrosis to the severity of cardiac ejection 
fractions decline [15]. Despite the well-documented adverse effects of 
chronic use of METH on the human heart, there are currently no 
FDA-approved drugs available to treat either METH use disorder or 
METH-induced cardiomyopathy people suffering from addiction, leav-
ing them with few options, such as cognitive and behavioral therapies to 
thwart METH addiction. 

There is a scarcity of scientific reports on deciphering molecular 
mechanisms responsible for the development of METH-induced cardiac 
dysfunctions. Among the reported events associated with METH treat-
ment in rodent hearts, the most common pathological changes include 
increased reactive oxygen species (ROS) generation, mitochondrial 
dysfunctions, impaired calcium dynamics, altered gene expressions, 
augmented inflammation, abnormal myocardial lesions, car-
diomyocytes apoptosis, and necrosis [23–30]. The majority of these 
research on the effects of METH on the heart were cursory reports 
involving studies on the effects of acute toxic doses of METH adminis-
tration [24,27,31]. However, a more realistic representation of the use 
of METH in people afflicted with METH addiction is ‘binge and crash’ 
which is characterized by long, repeated binges of METH use, often 
without food or sleep, followed by periods of abstinence or sleep, often 
referred to as a crash [32–34]. Recent development of a rodent model 
which more closely resembles aspects of human METH use allows for 
extended access self-administration of METH resulting in an escalation 
of drug intake and brain METH levels in rats comparable to that of 
people chronically using METH [35–38]. Therefore, the aim of the 
present study was to determine the molecular, functional, and patho-
logical events associated with the development of cardiomyopathy in 
the model of rodent self-administration of METH. In the present study, 
we have utilized our previously reported METH self-administered rat 
models mimicking the human METH addiction pattern to determine the 
molecular events associated with METH cardiomyopathy using inte-
grated and complementary gravimetric, morphometric, histological, 
gene expression, and longitudinal echocardiographic studies [35,38, 
39]. We employed transmission electron microscopic observations, 
electron transport system, metabolic and autophagy process associated 
proteins expression analysis, native gel electrophoresis, and enzymatic 
metabolic assays to dissect molecular underpinnings associated with the 
development of METH-cardiomyopathy following self-administration of 
METH in rats. 

2. Materials and methods 

2.1. Data availability and disclosure statement 

The authors declare that all supporting data and method descriptions 
are available within the current article or from the corresponding author 
upon reasonable request. 

2.2. Animals 

We have used 80–100 days old adult male and female Wistar rats 
(Harlan Sprague Dawley, Indianapolis, IN). Both control and METH self- 
administration rats were free-fed until they reached a minimum body 
weight of 390 g for males and 290 g for females. The rats were then 
maintained at 85–90% of their free-feeding body weights (approxi-
mately 330 g for males and 245 g for females) with free access to water, 
as reported earlier [35,38]. The rats were fed once per day in the 
self-administration chamber similar to that while in their home cages 
(14 g of food, standard rodent chow, Harlan Teklad, Madison, WI, USA). 
A chronic indwelling jugular catheter was implanted in METH and 
Control rats and allowed a minimum of five days to recover following 
surgical procedures. Each rat was singly housed in cages equipped with a 
laminar airflow unit and air filter in an AALAC-accredited animal care 
facility. We have also acquired timed pregnant female Sprague-Dawley 
rats from Charles River Laboratories (Portage, MI) to isolate primary 
neonatal rat cardiomyocytes (NRCs) from newborn rat pups [23,40]. All 
animals were handled and cared for according to the Guide for the Care 
and Use of Laboratory Animals: Eighth Edition (National Institutes of 
Health, Bethesda, MA). All experiments involving animals were 
approved by the Institutional Animal Care and Use Committee of LSU 
Health Sciences Center-Shreveport. 

2.3. METH self-administration protocol 

Each rat was implanted with a chronic indwelling jugular catheter to 
intravenously self-administer METH as described previously [35,37,38, 
41]. Control rats were paired with METH rats in a yoked saline control 
paradigm. Rats were put in the operant chambers to receive METH or 
saline through a self-administration milieu. Briefly, Tygon tubing 
covered with a protective spring leash was attached to the catheter. The 
Tygon tubing was further connected to a dual channel fluid swivel 
(Instech, Plymouth Meeting, PA) located at the top of the chamber and 
continued outside of the chamber to a 60 mL syringe contained in a 
motor-driven pump. Each experimental chamber contained two 
response levers mounted on one wall of the chamber, and a stimulus 
light was located above each lever. METH rats were trained to 
self-administer METH by pressing one of the response levers (i.e., the 
“active” lever) under a fixed-ratio 1 (FR1) reinforcement schedule [38]. 
Depression on the inactive lever resulted in no programmed conse-
quences. The weekly METH self-administration session began on Mon-
days at around 11:00 a.m. and ended on Fridays at around 11:00 a.m. At 
the beginning of the session, a stimulus light was illuminated above the 
active lever to indicate the availability of METH. One depression of the 
active lever by rats resulted in an intravenous infusion of METH dis-
solved in 0.9% heparinized sodium chloride at a dose of 0.06 
mg/kg/infusion in 50 μL over 0.83 s. There was a 20-s timeout period 
following each infusion. The stimulus light above the active lever was 
extinguished during the infusion and the timeout period, and illumi-
nated again once the timeout ended. Since the body weight of the rats 
was stable (approximately 85% of their free-feeding body weights) 
through our feeding regime, the rats received METH based on their body 
weight throughout the study period. When the METH rat received an 
infusion, the yoked saline control partner simultaneously received an 
infusion of 50 μL of 0.9% heparinized sodium chloride intravenously. 
Depression of the active and inactive levers in the saline control boxes 
resulted in no programmed consequences. Following completion of the 
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96-h METH self-administration session on Friday mornings, the rats 
were placed into their home cages for the next 72 h without access to 
METH. The 96-h METH self-administration sessions were resumed on 
the following Monday at around 11:00 a.m. All the rats were completed 
8 consecutive weeks under this protocol [35,38]. The control and METH 
self-administered rat cohorts were then subjected to an array of com-
plimentary experiments as described below. 

2.4. Gravimetric and morphometric analyses 

Whole rat hearts were excised from the euthanized animals and wet 
heart weights were measured on an OHAUS electronic balance machine 
(NJ, USA). Heart gravimetric indices were determined by calculating 
heart weight (mg)-to-body weight (g) ratios and heart weight (mg)-to- 
tibia length (cm) ratios. To assess cardiomyocytes cross-sectional areas, 
formalin fixed, paraffin embedded 5 μm thick rat heart LV tissue sections 
were deparaffinized, hydrated, heat-induced antigen retrieved and 
stained with Alexa Fluor 488 Wheat Germ Agglutinin (5 μg/mL, Invi-
trogen) for 1 h at room temperature (RT). 4’,6-diamidino-2-phenyl-
indole (DAPI, Invitrogen) was used to counterstain nuclei [23,42,43]. 
We used Nikon A1R high-resolution confocal microscope (Nikon In-
struments inc., Melville, NY) coupled with Nikon NIS Elements Software 
(v4.13.04) to image the stained tissue sections on a 60× oil objective 
lens (NA = 1.4). Cardiomyocytes cross sectional areas (μm2) were 
measured in an analyst-blinded manner on alphanumerically labeled 
images using NIH ImageJ software (Bethesda, MD) [23]. 

2.5. Tissue histology 

Formalin fixed, paraffin embedded 5 μm thick rat heart LV tissue 
sections were deparaffinized, hydrated and stained with Picrosirius Red 
(PSR) and Masson’s Trichrome to determine collagen deposition and 
percent fibrotic areas, respectively [23]. Heart tissue sections were also 
stained with Hematoxylin and Eosin (H&E) staining kit (H-3502, Vector 
Laboratories) according to the manufacturer’s instructions to assess 
cardiac structural integrity and histology. Alphanumerically labeled 
stained heart tissue sections were imaged at brightfield using an 
Olympus BX40 microscope (Feasterville, PA) on 10× objective lens in an 
investigator-blinded manner. Percent collagen deposition areas (stained 
in red with PSR) and percent fibrotic areas (stained blue with Tri-
chrome) relative to total stained myocardium areas (μm2) in each 
microscopic field were quantified on NIH ImageJ (v1.6.0) software 
(Bethesda, MD) [23,42]. Randomly 8–10 high magnification micro-
scopic fields from LV were analyzed in stained rat heart sections. 

2.6. Transmission electron microscopy 

Control and METH self-administered rat LV heart sections were fixed 
with 2% glutaraldehyde and post-fixed with 1% OsO4. Multiple thin 
sections were cut in 100 nm thickness using an ultramicrotome, fol-
lowed by counterstaining with uranium and lead salts. The stained LV 
sections were examined under a JEOL 1400 120 kV transmission elec-
tron microscope (Peabody, MA) equipped with an AMT digital camera 
[23,42,44]. We used two control and two METH self-administered rat LV 
heart sections to assess cardiac ultrastructure. 

2.7. Echocardiography 

Transthoracic longitudinal M-mode echocardiography LV traces of 
isoflurane-anesthetized Control and METH self-administered rats were 
detected using a 40-MHz transducer and imaged using VisualSonics 
Vevo 3100 high-resolution micro-ultrasound imaging system (FUJI-
FILM, Toronto, ON, Canada) coupled with Vevo LAB 3.1.1 imaging 
software (VisualSonics, Toronto, ON, Canada) [23,40,42,43]. Para-
sternal short axis 2D M-mode images were analyzed using Vevo LAB 
software (v5.5.0) to quantify LV structural and functional indices, 

including LV systolic and diastolic volume (LV Vol; s and LV Vol; d, 
respectively), LV internal diameter at systole and diastole (LVID; s and 
LVID; d, respectively), interventricular septum thickness at systole and 
diastole (IVS; s and IVS; d, respectively), and LV posterior wall thickness 
at systole and diastole (LVPW; s and LVPW; d, respectively). Cardiac 
systolic functional parameters percent fractional shortening (%FS) were 
calculated as %FS = (LVID; d-LVID; s)/LVID; d x 100 and percent ejec-
tion fraction (%EF) were calculated as %EF = (LV Vol; d-LV Vol; s)/LV 
Vol; d x 100 in control and METH self-administered rats [23]. 

2.8. Primary cardiomyocytes isolation 

Primary neonatal rat ventricular cardiomyocytes (NRCs) were iso-
lated from 1- to 2-day old Sprague-Dawley rat pups [23,40,44–46]. The 
dissected rat pup heart ventricles were subjected to sequential enzy-
matic digestion with collagenase II (Worthington) and Trypsin (Gibco). 
Fibroblasts were removed from the cell isolates through a pre-plating 
step. Next, cardiomyocytes were counted and plated at 1.5 x 106 cells 
per 10 cm2 plates in culture media containing 10% fetal bovine serum 
(FBS, Gibco), 1% antibiotic-antimycotic mixture (Gibco) in αMEM 
media (Gibco). After 24 h, culture media was changed to DMEM (Gibco) 
containing 2% FBS and 1% antibiotic-antimycotic. Afterwards, car-
diomyocytes were subjected to saline or METH at specified concentra-
tions and time points. Assessment of autophagic flux in METH treated 
cardiomyocytes was performed by measuring the LC3B II protein levels 
with and without lysosomal inhibition as described previously [40,47]. 
To inhibit lysosomal function, media containing 50 nmol/L Bafilomycin 
A1 (Sigma) was added to the cells for 3 h. To inhibit cellular autopha-
gosomes synthesis, cell culture media were supplemented with PI3K 
inhibitor Wortmannin (W1628, Millipore-Sigma) at a final concentra-
tion of 1 μM for 3 h dissolved in DMSO. To quench mitochondria-derived 
reactive oxygen species, MitoTEMPO (SML0737, Sigma), a 
mitochondria-targeted antioxidant, dissolved in DMSO was added to cell 
culture media at 5 μM and 10 μM final concentrations to car-
diomyocytes. In all cell culture experiments, vehicle cardiomyocytes 
received either an equal volume of saline (METH dissolution media) 
and/or received an equal volume of DMSO (BafA1, Wortmannin disso-
lution media), where appropriate. 

2.9. siRNA transfection in cardiomyocytes 

To genetically knockdown of Atg7, cardiomyocytes were transfected 
with Atg7 siRNA (CCAGUCUGUUGAAGUUCUCUGCUUU and AAAG-
CAGAGAACUUCAACAGACUGG; Invitrogen) using Lipofectamine 2000 
(Invitrogen) in Opti-MEM reduced serum medium (Invitrogen) for 16 h 
[23,45–47]. After 16 h of incubation, media were changed to regular 
culture media containing 2% FBS [23,45–47]. A non-specific siRNA was 
used as a negative control in all gene silencing experiments. 

2.10. Western blot 

Rat left ventricular heart tissues and neonatal rat cardiomyocytes 
(NRCs) were lysed with ice-cold Cell Lytic M buffer (Sigma-Aldrich) 
containing 1x Halt protease and phosphatase inhibitor cocktail (Invi-
trogen) [23,40,44,45,47,48]. The lysed cell materials were sonicated 
briefly followed by centrifugation at 14,000×g for 15 min to precipitate 
insoluble cell debris. The protein concentrations of NRC lysate super-
natants were quantified using the modified Bradford reagent (Bio-Rad) 
relative to a bovine serum albumin standard curve (Bio-Rad). Equal 
concentrations of protein were used to prepare samples with 6 x 
Laemmli’s sample buffer for western blot experiments. Subsequently, 
equal amounts of protein (20–30 μg) were resolved on sodium dodecyl 
sulfate polyacrylamide 7.5–12% gels and transferred to polyvinylidene 
difluoride (PVDF) membranes (Bio-Rad). Membranes were then blocked 
with 5% non-fat skim milk and incubated with primary antibodies 
overnight. The following primary antibodies were used for 
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immunoblotting: LC3B (1:1000, 2775, Cell Signaling), p62 (1:500, 
GP62-C, Progen), Cathepsin D (1:1000, sc-6487, Santa Cruz), Beclin1 
(1:1000, sc-10086, Santa Cruz), MnSOD (1:1000, 06–984, 
Millipore-Sigma), SOD1 (1:1000; 37385, Cell Signaling), Catalase 
(1:1000, 12980, Cell Signaling), Glutathione peroxidase 1 (1:1000, 
ab108427, Abcam) and GAPDH (1:1000, MAB374, EMD Millipore). 
Subsequently, membranes were washed in 1x TBS-T buffer, probed with 
alkaline phosphatase-conjugated secondary antibodies (Jackson Immu-
noResearch Laboratories, Inc.) at room temperature for an hour, 
developed using ECF substrate (Amersham), and imaged using a 
ChemiDoc™ Touch Imaging System (Bio-Rad). Following the transfer, 
PVDF membranes were probed with Ponceau S to confirm equal protein 
loading. Densitometric analysis of detected protein bands was quantified 
using NIH ImageJ software [23]. 

2.11. Gene expression analysis 

Snap-frozen cardiac ventricular samples were subjected to total RNA 
isolation protocol using RNAzol RT (Molecular Research Center, Cin-
cinnati, OH) according to the manufacturer’s instructions. Using 5 μg 
RNA as template, cDNA was synthesized with iScript Advanced cDNA 
synthesis kit for real-time polymerase chain reaction (RT PCR) (Bio-Rad, 
Hercules, CA). Quantitative RT-PCR was run on a CFX96 Touch RT-PCR 
detection system (Bio-Rad) using Power up SYBR Green Master Mix 
(A25742, Applied Biosystems, Foster City, CA) for cardiac genes 
including Nppa, Nppb, Myh7, Acta2, Postn, TGFB1, TGFB2, and TGFB3 as 
described earlier [23,42,49]. 18S rRNA (Applied Biosystems) was used 
as a reference gene [50–53]. All samples were run in triplicate wells to 
calculate the fold change in mRNA expression using the comparative Ct 
method [2^(-ΔΔCt)]. Expression values were averaged and expressed as 
the fold change in mRNA expression in METH-treated rats compared to 
control rats [23]. 

2.12. Cardiac mitochondria isolation 

Cardiac mitochondria were isolated from the freshly dissected heart 
ventricles from euthanized rats. Heart ventricles were homogenized in 
mannitol-sucrose-ethylene glycol tetraacetic acid (EGTA) buffer con-
taining 225 mM mannitol, 75 mM sucrose, 5 mM HEPES, and 1 mM 
EGTA (pH 7.4) utilizing a hand-held glass/Teflon Potter Elvehjem ho-
mogenizer. Next, mitochondria were isolated from the homogenized 
heart whole cell lysates using differential centrifugation [23,40,42–44]. 
Fresh mitochondria were subjected to native gel electrophoresis as 
outlined below. Aliquots of freshly isolated mitochondria were stored at 
− 80 ◦C for mitochondrial complex activity assays. 

2.13. Blue native polyacrylamide gel electrophoresis 

Freshly isolated cardiac mitochondria were subjected to blue native 
polyacrylamide gel electrophoresis (BN-PAGE) as described previously 
[43,54–56]. Briefly, fresh mitochondria were suspended in a solubili-
zation buffer containing 50 mM Bis-Tris (pH 7.0), 1% n-dode-
cyl-β-d-maltoside (vol/vol), and 750 mM ε-amino-N-caproic acid. The 
suspension was incubated on ice with occasional vortexing for 1 h, fol-
lowed by centrifugation at 8000g for 10 min. The protein concentration 
of the supernatant was quantified using the modified Bradford method 
(Bio-Rad) and mixed with 10x BN-PAGE loading buffer containing 0.5 M 
ε-amino-N-caproic acid and 3% Serva Blue G-250 (wt/vol). Equal 
amounts of protein were resolved in non-gradient polyacrylamide gels 
consisting 4% stacking gel and 8% resolving gel. Mitochondrial proteins 
were resolved at room temperature using gel buffer (500 mM amino-
caproic acid and 50 mM Bis-Tris, pH 7.0), cathode buffer (50 mM Tri-
cine, 15 mM Bis-Tris, pH 7.0), 0.02% Serva blue G-250 (wt/vol), anode 
buffer (50 mM Bis-Tris pH 7.0), and sample buffer (75 mM aminocaproic 
acid containing 0.3% Serva blue G-250 [wt/vol]). 30 μg proteins were 
loaded in each lane and run at 150 V until the front blue line had entered 

two-thirds of the gel. Next, the cathode buffer was replaced with buffer 
without Serva blue G-250 (50 mM Tricine, 15 mM Bis-Tris, pH 7.0), and 
the gel was run at 250 V till the end. BN-PAGE gel was stained with 
Coomassie blue (BioRad) and imaged on a ChemiDoc Touch Imaging 
System (Bio-Rad). We further confirmed the specific complexes’ subunit 
localization and relative expression by probing the transferred BN-PAGE 
gels to PVDF membrane with anti-OXPHOS (1:1000, ab110413, Abcam) 
primary antibody followed by ECF substrates mediated detection of 
protein bands on ChemiDoc Touch Imaging System (Bio-Rad) as 
described above. Briefly, BN-PAGE gels were transferred to PVDF 
membranes, acid washed to remove Coomassie blue staining, blocked, 
and probed with anti-OXPHOS cocktail antibodies to detect mitochon-
drial respiratory chain complex subunits expression. 

2.14. PDH activity assay 

Pyruvate dehydrogenase (PDH) activity was measured using isolated 
mitochondria with PDH Activity Assay Kit (MAK183, Sigma-Aldrich) 
according to manufacturer’s instruction. Mitochondria pellets were ho-
mogenized in 50 μL of ice-cold PDH assay buffer and centrifuged at 
10,000×g for 5 min at 4 ◦C. Supernatants were then subjected to NADH 
generating reactions in the presence of PDH substrate at 37 ◦C. Absor-
bance at 450 nm was recorded for 30 min at 1 min interval on CLARIOstar 
Plus microplate reader (BMG Labtech). PDH activity was measured as 
rates of NADH production in nanomoles (nmol) per minute per mg of 
mitochondria using an NADH standard curve (Sigma-Aldrich) [43]. 

2.15. Citrate synthase activity assay 

Citrate synthase activity was measured in isolated mitochondria as 
reported earlier [43,57]. Briefly, isolated mitochondria were homoge-
nized with Cell-lytic-M (Sigma Aldrich) supplemented with protease 
inhibitor (Roche). Mitochondrial lysates were incubated with reaction 
mixture containing 0.2% Triton X-100, 0.31 mM acetyl CoA, and 0.1 mM 
5,5′-dithiobis (2-nitrobenzoic acid) (DTNB). The reaction was started by 
adding 0.5 mM oxaloacetate in 1 mL reaction in a cuvette. Absorbance 
was recorded at 412 nm at 37 ◦C using DS-11 FX + spectrophotometer 
(DeNovix). Citrate synthase activity was calculated using 13.6 mM− 1 

cm− 1 as the extinction coefficient value of DTNB and expressed as nmol 
per minute per mg of mitochondrial protein [57]. 

2.16. Mitochondrial ETC complex activity assays 

We used isolated cardiac mitochondria to measure mitochondrial 
electron transport chain (ETC) complex activities spectrophotometri-
cally, as described previously [42,43,57]. Total complex I activity was 
determined by measuring absorbance changes due to NADH (10 
μmol/L) oxidation at 340 nm for 2 min in an assay mixture containing 
10 μg mitochondrial protein in 50 mmol/L potassium phosphate buffer 
(pH 7.5), 1 mg/mL BSA, 250 μmol/L KCN, and 6 μL of ubiquinone1 (10 
mM)in a 1-mL cuvette on a DS-11 FX + spectrophotometer (DeNovix, 
Wilmington, DE). In parallel, NADH oxidation was measured in the 
presence of complex I inhibitor rotenone (10 μmol/L) in the above assay 
mixture for 2 min. Subsequently, complex I activity was calculated as 
rotenone-sensitive activity expressed as nanomoles/minute per milli-
gram of mitochondrial protein. Complex II activity was determined by 
measuring the reduction of 2,6-dichlorophenolindophenol coupled to 
complex II catalyzed reduction of decylubiquinone. Briefly, 10 μg 
mitochondrial protein in 50 mmol/L potassium phosphate buffer (pH 
7.5), 1 mg/mL BSA, and 20 mmol/L succinate was incubated at 37 ◦C for 
10 min following measurement of 2,6-dichlorophenolindophenol 
(DCPIP) reduction in the presence of 10 μmol/L antimycin A, 10 μmol/L 
rotenone, 250 μmol/L KCN, 80 μmol/L DCPIP, and 60 μmol/L decylu-
biquinone at 600 nm for 3 min. Complex III activity was determined by 
measuring the reduction of cytochrome C (75 μmol/L) at 550 nm for 2 
min in the reaction mixture containing 5 μg mitochondrial protein in 50 
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mmol/L potassium phosphate buffer (pH 7.5), 250 μmol/L KCN, 100 
μmol/L EDTA, and 60 μmol/L decylubiquinol. In parallel, in the same 
assay mixture, reduction of cytochrome C was measured in the presence 
of complex III inhibitor antimycin A (10 μmol/) for 2 min at 550 nm. 

Specific complex III activity was calculated as antimycin A–sensitive 
activity expressed as nanomoles/minute per milligram of mitochondrial 
protein. Extinction coefficient values for NADH (6.2 mM− 1 cm− 1), 
DCPIP (19.1 mM− 1 cm− 1), and reduced cytochrome C (18.5 mM− 1 

Fig. 1. METH-exposed rat hearts developed pathological cardiac hypertrophy. Box plots represent increased (A) heart weight (HW), (B) heart weight-to-body weight 
ratio (HW/BW), and (C) heart weight-to-tibia length ratio (HW/TL) in METH self-administered rat hearts (n = 3 male and 3 female rats) compared to control rat 
hearts (n = 3 male and 3 female rats) following 8-weeks of METH intake. (D) Left panel, representative immuno-fluorescence micrographs of wheat germ agglutinin 
(WGA, Green)-stained control and METH rat left ventricular (LV) heart sections. Nuclei were stained with DAPI (Blue). Scale bars: 50 μm. Right panel, box plots 
representing increased LV cardiomyocytes cross-sectional areas (μm2) in METH self-administered rat hearts (n = 1156 cardiomyocytes from three individual male rat 
hearts) than control group rat hearts (n = 1062 cardiomyocytes from three individual male rat hearts). (E)–(F) Box plots depict significantly increased mRNA 
transcripts expression levels of natriuretic peptide A (Nppa), natriuretic peptide B (Nppb), and β-myosin heavy chain (Myh7) in METH self-administered rat hearts 
compared to control recipient rat hearts (n = 3 male rats/group in technical triplicates). Boxes represent interquartile ranges, lines represent medians, and whiskers 
represent ranges. All data sets were tested for Normality (Gaussian) distribution through Shapiro-Wilk test. Data sets that passed normality distribution were 
subjected to unpaired Student’s t-test and data sets without normality distribution were subjected to Kruskal-Wallis test to determine statistical significance between 
control and METH group of rats. A P value less than 0.05 between groups was accounted as statistically significant. *P < 0.05, **P < 0.01 and ***P < 0.001. Ctrl, 
Control; METH, Methamphetamine. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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cm− 1) were used to calculate complex I, II, and III activities, respectively 
[57]. 

2.17. Statistical analyses 

All data are expressed in box plots where boxes represent inter-
quartile ranges, lines represent medians, and whiskers represent ranges. 
All cell culture experiments were conducted in two to three independent 
experiments. All statistical analyses were conducted in GraphPad Prism 
(La Jolla, CA). All data were tested for normality distribution using 
Shapiro-Wilk test. Data that passed the normality assumption were 
analyzed using parametric tests following multiple comparisons. Un-
paired student’s t-test for two groups and one-way ANOVA followed by 
Tukey’s post hoc test for data sets containing 3 or more groups were 
utilized to determine statistical significance. Data that failed normality 
assumption were subjected to nonparametric Kruskal-Wallis test. A P 
value less than 0.05 was considered statistically significant. 

3. Results 

3.1. METH self-administered rat hearts exhibit adverse cardiac 
remodeling and cardiac systolic dysfunctions 

METH-associated cardiomyopathy is characterized by adverse car-
diac remodeling, including cardiac hypertrophy, pathological remodel-
ing, and attenuated cardiac functions [2,13,15,17,23]. In our current 
study, we determined whether rats subjected to extended access METH 
self-administration develop METH-induced cardiomyopathy patholog-
ical features by conducting gravimetric, histologic, genes expression 
analysis, and echocardiographic measurements. Notably, we found that 
rats which self-administered METH for 8-weeks developed increased 
heart wet weight mass, heart weight-to-body weight, and heart 
weight-to-tibia length ratios compared to control rat hearts (Fig. 1A, B 
and C). Cardiomyocytes cross-sectional areas analysis of LV heart sec-
tions revealed increased cross-sectional areas in METH self-administered 
rats compared to control rat hearts (Fig. 1D). Maladaptive car-
diomyocyte hypertrophy is associated with distinct genetic signatures 
with activation of fetal genetic programming [58]. In fact, we found 
increased cardiac hypertrophy markers of fetal gene expression i.e., 
Nppa, Nppb and Myh7, indicating activation of genetic profiles of cardiac 
hypertrophy in METH self-administered rat hearts compared to control 
rat hearts (Fig. 1E). 

To assess whether METH self-administration for 8-weeks causes any 
impairment in cardiac geometry, ventricular dimensions and systolic 
functions, we performed non-invasive longitudinal transthoracic M- 
mode echocardiography on rat hearts. Notably, rats that underwent 8- 
weeks long METH self-administration protocol exhibited significantly 
attenuated cardiac systolic functional indices, including percent frac-
tional shortening (%FS) and percent ejection fraction (%EF) compared 
to control group rat hearts (Fig. 2C and F). We observed an upward trend 
in LV internal dimension and volume at systole (LVID; s and LV Vol; s) 
(Fig. 2A and D) with no change in LV internal dimension and volume at 
diastole (LVID; d and LV Vol; d) in METH self-administered rats 
compared to control group (Fig. 2B and E). There were no significant 
differences in the heart rate (Fig. 2G), interventricular septum thickness 
at systole and diastole (IVS; s and IVS; d) (Fig. 2H and I), and LV pos-
terior wall thickness at systole and diastole (LVPW; s and LVPW; d) 
(Fig. 2J and K) between the groups. 

Next, we examined heart histology by conducting H&E, Masson’s 
Trichrome, and Picrosirius Red (PSR) staining (Fig. 3). We observed 
thickening of vascular smooth muscle cells in cardiac blood vessels 
(Fig. 3A, indicated by star) and disarray of myofibrils in METH self- 
administered rat left ventricular (LV) heart sections compared to con-
trol rat LV heart sections in H&E staining (Fig. 3A, indicated by black 
arrow). Masson’s Trichrome staining revealed increased perivascular 
and interstitial fibrotic areas in METH self-administered rat LV heart 

sections than control rat LV heart sections (Fig. 3B and D). Similarly, we 
observed a substantial increase in collagen deposition as revealed in our 
PSR staining in METH self-administered rat LV heart sections than 
control rat LV heart sections (Fig. 3C and D). Activation of fibrotic 
signaling in the heart was characterized by increased alpha-smooth 
muscle actin (Acta2), matricellular associated protein Periostin 
(Postn), and transforming growth factor-beta isoforms (TGFB1, TGFB2, 
TGFB3) gene transcripts expression [59]. To assess whether observed 
augmented fibrosis in METH rat hearts was associated with activation of 
fibrotic gene expression, we measured mRNA transcripts expression of 
Acta2, Postn, TGFB1, TGFB2, and TGFB3. We observed increased gene 
expression of Acta2,Postn, TGFB1, and TGFB2 in METH 
self-administered rat hearts compared to control hearts, corroborating 
activation of fibrotic genes programming (Fig. 3E and F). Overall, we 
found notable pathological alterations, including adverse cardiac 
remodeling as evidenced by increased cardiomyocytes hypertrophy and 
myocardial fibrosis accompanied with a decline in cardiac contractile 
functions post chronic METH self-administration. 

3.2. METH self-administration causes altered mitochondrial 
ultrastructure and decline in mitochondrial respiratory chain complexes 
abundance 

An adult human heart produces and consumes nearly 6 kg of ATP 
daily to accommodate the energy demand to maintain its continuous 
mechanical workload [60,61]. In mammalian cardiac cells, mitochon-
dria are the major site to produce ATP to supply the required chemical 
energy for continuous contraction-relaxation cycles [62]. Mitochondria 
occupy up to about one-third the volume of a cardiomyocyte and are 
neatly positioned along the sarcomere [60,63]. Since we have observed 
a decline in cardiac contractile functional indices in METH 
self-administered rat hearts, we performed TEM-based ultrastructural 
analysis on LV heart sections. Notably, we observed an increased 
appearance of large, abnormal-shaped mitochondria at both inter-
myofibrillar and perinuclear regions in METH self-administered rat 
heart cardiomyocytes compared to control cardiomyocytes (Fig. 4A). We 
further confirmed our observations through measuring mitochondrial 
areas evidenced by increased average mitochondrial areas in METH 
self-administered rat LV heart sections compared to control rat LV heart 
sections (Fig. 4A). 

The structural and functional organization of mitochondrial super-
complexes (SCs) are formed by different stoichiometric combinations of 
four complexes of the electron transport chain (ETC) (complexes I, II, III, 
and IV) embedded in the inner mitochondrial membrane [64,65]. These 
enzyme complexes catalyze the transfer of reducing equivalents from 
high-energy substrates generated in the citric acid cycle to reduce mo-
lecular oxygen to water. Furthermore, the redox energy released in these 
reactions is utilized to transfer protons from the mitochondrial matrix to 
intermembrane space, ultimately generating a proton-motive force 
driving ATP synthesis at complex V [64,65]. To dissect whether altered 
mitochondrial ultrastructure affects mitochondrial respiratory chain SCs 
assembly, stability, and abundance in METH-associated cardiomyopa-
thy hearts, we conducted blue native PAGE (BN-PAGE) on isolated 
mitochondria preparations allowing protein separation under native 
conditions and preserving protein-protein interactions, which is 
important for studying SCs. Intriguingly, we observed an apparent 
decreased level of native respiratory chain SCs, i.e., complex I, complex 
II, complex IV, and complex V, in METH self-administered rat heart 
mitochondria compared to control rat heart mitochondria (Fig. 4B). 
Further, antibody-mediated detection of SCs revealed significantly 
reduced expression of complex II, complex III, complex IV and complex 
V Subunits in METH self-administered rat hearts compared to control rat 
hearts (Fig. 4C and D). Taken together, we found chronic METH 
self-administration induces mitochondrial ultrastructural anomalies 
with altered mitochondrial respiratory chain SCs assembly and expres-
sion in rat hearts. 
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Fig. 2. Rats that self-administered METH 
exhibited cardiac systolic functional param-
eters decline. (A)–(K) Box plots represent 
cardiac left ventricular (LV) structural and 
functional indices measured by transthoracic 
M-mode echocardiography in control (n = 3 
male and 3 female rats) and self- 
administered METH (n = 3 male and 3 fe-
male rats) rats post 8-weeks of METH self- 
administration. METH self-administration 
ensued in significant attenuation in cardiac 
systolic functional parameters including 
percent fractional shortening and percent 
ejection fraction compared to control rat 
hearts. (A) LV internal diameter at systole 
(LVID; s). (B) LV internal diameter at diastole 
(LVID; d). (C) Percent fractional shortening 
(%FS). (D) LV volume at systole (LV Vol; s). 
(E) LV volume at diastole (LV Vol; d). (F) 
Percent ejection fraction (%EF). (G) Heart 
rate (beats/min). (H) LV interventricular 
septum thickness at systole (IVS; s). (I) LV 
interventricular septum thickness at diastole 
(IVS; d). (J) LV posterior wall thickness at 
systole (LVPW; s). (K) LV posterior wall 
thickness at diastole (LVPW; d). Boxes 
represent interquartile ranges, lines represent 
medians, and whiskers represent ranges. All 
data were tested for Normality (Gaussian) 
distribution through Shapiro-Wilk test. Data 
sets that passed normality distribution were 
subjected to parametric unpaired Student’s t- 
test and data sets without normality distri-
bution were subjected to nonparametric 
Kruskal-Wallis test to determine statistical 
significance between control and METH 
group of rats. A P value less than 0.05 be-
tween groups was accounted as statistically 
significant. Ctrl, Control; METH, 
Methamphetamine.   
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3.3. METH self-administered rat hearts exhibited decline in mitochondrial 
respiratory ETC complexes activity and increased PDH activity 

To assess whether mitochondrial structural alterations and disrup-
tion of the respiratory ETC SCs influence overall mitochondrial function, 
we conducted redox-sensitive spectrophotometric assays [57]. Notably, 

we observed significantly reduced specific enzymatic activity of mito-
chondrial respiratory ETC complex I, complex II, and complex III in 
METH self-administered rat heart mitochondria compared to control rat 
heart mitochondria (Fig. 5A, B, and C). These data extend METH 
self-administered rat hearts mitochondrial respiratory SCs stability al-
terations resulting in their functional impairments. 

(caption on next page) 
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PDH is a mitochondrion-located, multiprotein enzyme complex that 
connects glycolysis to tricarboxylic acid cycle (TCA) to generate energy 
substrates to supply to mitochondrial ETC-supported oxidative phos-
phorylation (OXPHOS) [66,67]. Since we observed impaired 

mitochondrial ETC complexes activity, we asked whether METH affects 
PDH activity in cardiac mitochondria. Therefore, we measured PDH 
activity as a function of the rate of production of nanomoles of NADH in 
isolated mitochondria from METH self-administered and control rat 

Fig. 3. Rats that self-administered METH exhibited altered cardiac histology and increased fibrosis. (A) Representative cross-sectional and longitudinal H&E-stained 
left ventricular (LV) heart section micrographs demonstrate thickening of vascular smooth muscle cells layer (indicated by star) and evidence of disarray of myofibrils 
and myofiber loss (indicated by black arrow) in METH self-administered rat hearts (n = 2 male and 2 female rats) compared to control rat LV heart sections (n = 2 
male and 2 female rats). Scale bars: 100 μm. (B) Representative Masson’s Trichrome stained LV heart section micrographs demonstrate increased perivascular and 
interstitial fibrotic areas (in blue) in METH self-administered rat hearts (n = 3 male and 3 female rats) compared control rat hearts (n = 3 male and 3 female rats). 
Scale bars: 100 μm. (C) Representative Picrosirius red stained heart section micrographs show exacerbated collagen deposition (in red) in perivascular and interstitial 
spaces in METH rat hearts (n = 3 male and 3 female rats) compared to control rat hearts (n = 3 male and 2 female rats). Scale bars: 100 μm. (D) Left panel, box plots 
represent increased percent fibrosis areas in METH rat hearts (n = 3 male and 3 female rats) compared to control rat hearts (n = 3 male and 3 female rats). Right 
panel, box plots represent increased percent collagen content in METH rat hearts (n = 3 male and 3 female rats) compared to control rat hearts (n = 3 male and 2 
female rats). (E) Box plots represent significantly increased alpha-smooth muscle actin (Acta2) and Periostin (Postn) mRNA transcripts abundance in METH rat 
myocardium compared to control rat hearts (n = 3 male rats/group in technical triplicates).(F) Box plots represent increased transforming growth factor-beta- 
isoforms β1 (TGFB1) and β2 (TGFB2) mRNA transcripts abundance in METH rat myocardium compared to control rat hearts (n = 3 male rats/group in technical 
triplicates). Boxes represent interquartile ranges, lines represent medians, and whiskers represent ranges. All data sets were tested for Normality (Gaussian) dis-
tribution through Shapiro-Wilk test. Data sets that passed normality distribution were subjected to parametric unpaired Student’s t-test, and data sets without 
normality distribution were subjected to a nonparametric Kruskal-Wallis test to determine statistical significance between the control and METH group of rats data. A 
P value less than 0.05 between groups was accounted as statistically significant. *P < 0.05, **P < 0.01 and ***P < 0.001. Ctrl, Control; METH, Methamphetamine. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Voluntary METH self-administration induces 
altered mitochondrial ultrastructure and reduced sta-
bility of ETC SCs in rat hearts. (A) Left panel, repre-
sentative TEM micrographs show the increased 
presence of large, abnormal-shaped mitochondria in 
METH self-administered rat left ventricular (LV) heart 
sections (n = 2 male rats) compared to control rat 
hearts (n = 2 male rats). Scale Bars: 1 μm. Right panel, 
box plots represent significantly increased average 
mitochondria size (μm2) in METH self-administered 
rat hearts compared to control rat hearts. Mitochon-
drial areas (μm2) were measured in electron micro-
scopic fields containing a total of 944 mitochondria 
from control rat hearts (n = 2 male rats) and 1352 
mitochondria from METH self-administered rat hearts 
(n = 2 male rats).(B) Representative gel image of non- 
gradient blue native polyacrylamide gel electropho-
resis (BN-PAGE) on isolated cardiac mitochondria. 
Freshly isolated mitochondria from heart sections 
were subjected to non-gradient BN-PAGE to visualize 
mitochondrial electron transport chain (ETC) respi-
ratory supercomplexes (SCs) abundance and assem-
bly. ETC SCs were visualized by Coomassie blue 
staining following resolving the mitochondrial pro-
teins on non-gradient 8% polyacrylamide gels. Arrows 
indicate mitochondrial ETC SCs. n = 3 male heart 
mitochondria per group. (C) BN-PAGE gels were 
transferred to PVDF membranes, acid washed to 
remove Coomassie blue staining, blocked, and probed 
with anti-OXPHOS cocktail antibodies to detect 
mitochondrial respiratory chain complex subunits 
expression. Representative membrane image demon-
strating mitochondrial respiratory chain complex 
subunits relative expression in control and METH rat 
hearts isolated mitochondria. n = 3 male heart mito-
chondria per group. (D) Box plots represent densito-
metric analysis results of mitochondrial respiratory 
chain complex subunits expression in Control and 
METH self-administered rat hearts mitochondria. 
Specific complex subunits expression were quantified 
relative to total protein density per respective lane 
and expressed as percent change of Control rat hearts 
mitochondria (n = 3 male rats per group). Boxes 
represent interquartile ranges, lines represent me-

dians, and whiskers represent ranges. Data were subjected to nonparametric Kruskal-Wallis test to determine statistical significance between control and METH 
groups. A P value less than 0.05 between groups was accounted as statistically significant. *P < 0.05 and **P < 0.01. Ctrl, Control; METH, Methamphetamine, CI, 
Complex I; CII, Complex II; CIII, Complex III; CIV, Complex IV; CV, Complex V.   
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hearts. We observed increased PDH activity in METH self-administered 
rat hearts mitochondria compared to control rat hearts (Fig. 5D). Citrate 
synthase (CS) activity was used to normalize the mitochondrial content 
and purity of the isolated mitochondria [68]. We have found no sig-
nificant difference in citrate synthase activity between METH 
self-administered and control rat hearts (Fig. 5E), indicating a similar 
amount of mitochondria used for the complex activity among groups. 
Altogether, our data suggest activation of adaptive PDH activity in 
response to impaired mitochondrial respiratory complex activities in 
METH self-administered rat heart mitochondria. 

3.4. METH self-administration activates autophagy indicative decline in 
cellular energy homeostasis in rat hearts 

Macro-autophagy or also referred as autophagy is a conserved self- 
eating catabolic process involved in the degradation of intracellular 
components including soluble proteins, aggregated, misfolded proteins, 
damaged organelles, macromolecular complexes, and foreign bodies 

[69,70]. Accumulating research reported substantial evidence of auto-
phagy induction under energy-deprived conditions as an adaptive 
mechanism of dwindling energy in cells [71,72]. We have previously 
reported METH treatment significantly reduces mitochondrial oxygen 
consumptions and bioenergetics profile in isolated cardiac mitochondria 
and primary neonatal rat cardiomyocytes [23]. To this point, in our 
current study, we extended our previous findings and observed defects 
in cardiomyocytes major energy source ETC SCs integrity, reduced 
mitochondrial complex specific activities with concomitant increased 
mitochondrial glucose oxidation pathway regulatory PDH complex ac-
tivity in METH self-administered rat heart mitochondria. These data 
suggest impaired mitochondrial energy production with activation of 
compensatory energy production pathway in METH exposed rat hearts 
mitochondria. To assess the autophagy process, we conducted immu-
noblotting experiments to quantitate initial phagophore forming com-
plex partner protein Beclin1, adaptor protein p62, mature 
autophagosomes membrane protein LC3B-II, and lysosomal enzyme 
Cathepsin D expression in heart lysates. Notably, we observed a 

Fig. 5. METH self-administration ensues defective mitochondrial respiratory chain complexes enzymatic activities with compensatory increased PDH activity in rat 
heart mitochondria. Box plots represent mitochondrial respiratory chain complexes’ specific enzymatic activities of (A) Complex I, (B) Complex II, and (C) Complex 
III. Mitochondria were isolated from rat heart ventricles and mitochondrial inner membrane located respiratory chain complexes were exposed through three freeze 
and thaw cycles. Respiratory chain complexes specific enzymatic activities were measured spectrophotometrically in presence of complex specific electron donating 
substrates and subtracting underlying non-specific activities upon respective complexes inhibitor addition. Specific complex activities were expressed as nmol per 
minute per mg of mitochondrial protein (n = 3 individual male rat heart isolated mitochondria preparations per treatment group) (D) Box plots represent spec-
trophotometrically measured PDH activity as a function of cardiac mitochondria capability to produce reduced nmol NADH per minute per mg of protein isolated 
from Control and METH self-administered rat hearts (n = 3 individual male rat hearts per group). (E) Box plots represent measured mitochondrial matrix enzyme 
citrate synthase activity in control and METH self-administered rat hearts (n = 3 male and 2 female individual rats per group). Enzymatic activity is expressed as 
nmol per minute per mg of protein. Boxes represent interquartile ranges, lines represent medians, and whiskers represent ranges. Data were subjected to 
nonparametric Kruskal-Wallis test to determine statistical significance between control and METH group of rats data. A P value less than 0.05 between groups was 
accounted as statistically significant. *P < 0.05 and **P < 0.01. Ctrl, Control; METH, Methamphetamine. 
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significantly increased level of LCB II, p62, Beclin1, and Cathepsin D in 
METH self-administered rat hearts compared to control rat hearts 
(Fig. 6A). We used GAPDH as a loading control. To answer whether 
METH exposure directly induces autophagy flux, we utilized primary 
neonatal rat ventricular cardiomyocytes (NRCs). We performed an 
autophagy flux assay by blocking lysosomal degradation using Bafilo-
mycin A1 (BafA1) under vehicle and METH (100 μM) treatment 
(Fig. 6B). Assessment of autophagy flux in cardiomyocytes showed that 
METH exposure significantly increased LC3B II compared to control 
NRCs (Fig. 6B). Notably, BafA1 treatment further increased LC3B II and 
p62 levels in METH group NRCs compared to control NRCs treated with 
BafA1 (Fig. 6B) indicating intact and increased autophagy flux under 
METH treatment. To further corroborate that increased accumulation of 
LC3B-II indeed due to increased synthesis of autophagosomes under 
METH treatment, we used class III PtdIns3k inhibitor Wortmannin to 
inhibit autophagosomes formation. Indeed, Wortmannin treatment 
reduced the accumulation of LC3B-II in cardiomyocytes compared to the 
METH and METH + BafA1 group (Fig. 6C). Moreover, Wortmannin 
treatment in METH group increases p62 levels compared to METH only 
treated cardiomyocytes (Fig. 6C). To further confirm the autophagy 
activation by METH, we genetically ablated E1-like ligase enzyme Atg7 
in cardiomyocytes [73]. Atg7 siRNA treated cardiomyocytes exhibited 
significantly reduced LC3B-II level compared to control siRNA treated 
cardiomyocytes under vehicle and BafA1 treatment (Fig. 6D). Remark-
ably, METH failed to accumulate mature LC3B-II in Atg7 siRNA treated 
cardiomyocytes under vehicle and BafA1 treatment compared to control 
siRNA and METH treated cardiomyocytes (Fig. 6D). In addition, METH 
treatment further increases p62 levels in Atg7 siRNA cardiomyocytes 
compared to control siRNA + METH treated cardiomyocytes (Fig. 6D). 
Altogether, our data demonstrates that METH induces autophagy flux as 
evidenced through our systematic analysis using 
autophagosome-lysosomal fusion inhibitor (BafA1), autophagosomes 
formation inhibitor (Wortmannin), and Atg7 siRNA. 

3.5. Mitochondria targeted antioxidant mitoTEMPO limits METH- 
induced autophagy in cardiomyocytes 

Compromised mitochondrial respiratory chain complexes assembly, 
stability and activity cause increased leakage of lone pair electrons that 
lead to generate superoxide anion radicals (O2

• -) initiating chain reaction 
to generate reactive oxygen species (ROS) [74,75]. Cellular antioxidant 
system neutralizes superoxide and ROS to maintain redox homeostasis. 
Therefore, we observed the proteins levels of the principal antioxidant 
enzymes including superoxide dismutase, glutathione peroxidase, and 
catalase. Notably, we found METH self-administered rat hearts have 
increased protein levels of mitochondrial matrix localized manganese 
superoxide dismutase (MnSOD) without significant changes in pre-
dominantly cytosolic resident copper-zinc SOD (SOD1), glutathione 
peroxidase 1 (GPx) and catalase expression compared to control rat 
hearts (Fig. 7A). As we observed only changes in the MnSOD in the 
METH hearts, we treated the METH treated cardiomyocytes with phar-
macological mitochondria targeted ROS scavenger to mitigate observed 
alterations in MnSOD expression and autophagy activation [76]. 
Remarkably, mitochondria-targeted antioxidant mitoTEMPO attenuates 
MnSOD expression with concomitant decrease in LC3B-II and p62 levels 
compared to METH only treated cardiomyocytes (Fig. 7B). Altogether, 
our data suggest that METH-induced mitochondrial dysfunction may 
activate an adaptive increase in autophagy as treatment with mito-
TEMPO significantly reduced the METH-induced autophagy induction. 

4. Discussion 

According to the recent World Drug Report (2021), illicit use of 
METH is highest in North America compared to the rest of the world 
[77]. METH-induced cardiovascular pathologies have been reported as 
the second leading cause of death in persons who use METH following 

accidental overdose [2,8]. Along the same lines of earlier reports, a 
recent retrospective, large national cross-sectional studies reported a 
substantial increase in heart failure (HF) prevalence, HF hospitaliza-
tions, and worsening of cardiac functions in relatively young (<50 
years) patients who use METH without pre-existing conditions and 
common comorbidities (i.e., diabetes, hypertension, coronary artery 
disease, and hyperlipidemia than non-METH control patients) [78,79]. 
METH-related HF admissions-related cost has been estimated at nearly 
$390 million based on the data from a single US state [80]. Altogether, 
the epidemic nature of METH abuse and the socioeconomic burden 
posed by METH-associated cardiovascular diseases on the US public 
health and economy warrant coordinated effort in both biomedical 
research and clinical settings. 

Despite the well-documented presence of cardiac pathologies and 
cardiomyopathy in individuals who use METH, research efforts to 
dissect cellular and molecular mechanisms of METH-associated cardio-
myopathy remain understudied. Prevalent inadequacies in METH- 
cardiomyopathy research and literature include sporadic, cursory, 
acute studies and lack of utilization of rodent METH-addiction models 
closely simulating drug-taking behavior as observed in people suffering 
from METH addiction [27,30,81,82]. In our current study, we utilized 
previously reported METH extended access self-administered rat model 
mimicking the ‘binge and crash’ pattern seen in humans suffering with 
METH addiction to pragmatically study the mechanisms of 
METH-associated cardiomyopathy [35,37,38,41]. We assessed whether 
METH self-administered rat hearts exhibit pathological features of 
METH-associated cardiomyopathy and studied the molecular events 
associated with cardiac dysfunction. 

Accumulating endomyocardial biopsy-based histologic and echo-
cardiography studies noted increased heart mass, myocytes loss, 
necrotic foci, inflammatory cell infiltration, extensive interstitial, and 
perivascular fibrosis, altered ventricular dimensions and volume with 
compromised LVEF in people who use METH [9,17,19,78,83–86]. In our 
current study, our complementary gravimetric and histologic studies 
revealed increased heart weight and augmented cardiomyocytes 
cross-sectional areas in rat hearts subjected to 8-weeks of METH 
self-administration ‘binge and crash’ regime compared to age- and 
gender-matched control rats. A recent retrospective study identified 
abnormal brain natriuretic peptide (BNP) levels as a predictor of severe 
cardiac dysfunction (%LVEF <30%) in logistic regression analysis in 
METH HF patients [87]. Another retrospective study reported elevated 
BNP/pro-BNP levels corresponded to 90% documented HF in patients 
who use METH [79]. Fetal gene program (ANP, BNP and β-MHC) acti-
vation is a maladaptive response to HF in adult hearts and is utilized as 
marker of cardiac hypertrophy [88]. In our study, we observed signifi-
cantly increased ANP, BNP, and β-MHC genes expression, corroborating 
our morphologic and histopathologic findings of cardiac hypertrophy in 
METH self-administered rat heart ventricles. To substantiate our find-
ings, we conducted longitudinal transthoracic echocardiography 
studies. Our LV tracing-based echocardiogram analysis of LV di-
mensions, volume, and systolic indices revealed altered end-systolic LV 
internal dimension and volume with significantly attenuated LV percent 
ejection fraction and fractional shortening in METH self-administered 
rat hearts compared to control hearts. 

Cardiac fibrosis is characterized by excessive deposition of extra-
cellular matrix proteins due to maladaptive activation of a reparative 
program under pathogenic stressors in the heart [59,89]. Enhanced 
fibrosis is a common pathophysiologic companion in most cardiac 
pathologic conditions [59]. There are cumulative clinical case studies 
reporting the presence of increased fibrosis in hearts of people who use 
METH [15,23]. In our study, we observed hyperplasia in vascular 
smooth muscle cell layers, myofibers wasting, and disarray in 
H&E-stained LV heart sections in METH self-administered rat hearts 
compared to control rat hearts. Further, we observed significantly 
increased fibrosis area and collagen deposition in METH 
self-administered rat hearts compared to control rat hearts. Activated 
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cardiac fibroblasts express genes associated with the contractile element 
(i.e., αSM actin) and matricellular-associated proteins (e.g., periostin) 
[59]. To this point, we found significantly increased Acta2, Postn, 
TGFB1, and TGFB2genes expression in METH self-administered rat 
hearts, corroborating activation of fibrotic signaling following METH 
exposure. Altogether, our studies revealed METH self-administration for 
8-weeks resulted in salient METH-induced cardiomyopathy features 
constituting increased cardiac mass, cardiomyocytes hypertrophy, 
altered histopathology with increased interstitial and perivascular 
fibrosis ensued in compromised cardiac systolic functional indices. 

Mitochondrial oxidative phosphorylation (OXPHOS) at electron 
transport chain (ETC) respiratory SCs is the central hub of energy pro-
duction in the form of ATP in cardiomyocytes [64]. Defects in mito-
chondrial metabolism and energy production contributed to HF 
development under diverse pathological conditions, i.e., 
ischemia-reperfusion injury, pressure overload, lipid toxicity, and car-
diotoxic drugs [40,90–92]. Previous studies reported METH exposure 
induces mitochondrial dysfunctions in both cardiovascular and neuro-
logical systems [28,93–95]. We have previously reported reduced 
mitochondrial respiration in mice heart mitochondria exposed for 
4-weeks of intraperitoneal dose-escalated ‘binge and crash’ METH 
paradigm [23]. In our study, to dissect the underlying causes of reduced 
cardiac functions in METH self-administered rat hearts, we conducted 
complementary ultrastructural, biochemical, and redox-sensitive spec-
trophotometric assays in ultra-thin heart sections and isolated cardiac 
mitochondria. In our ultrastructural analysis, we observed abnormal, 
large mitochondria accumulation in METH self-administered rat LV 
heart sections as reflected in increased mitochondrial areas compared to 
control rat LV hearts at TEM level. Our further studies revealed a decline 
in mitochondrial respiratory ETC SCs assembly and SCs subunits 
expression at native gel electrophoresis in METH self-administered rat 
hearts mitochondria compared to control rat hearts. Redox assays uti-
lizing complex specific substrates and inhibitors revealed significantly 
attenuated specific activity of mitochondrial respiratory ETC complex I, 
complex II, and complex III in METH self-administered rat hearts. 

Under physiologic conditions, fatty acid oxidation (FAO) pre-
dominates to supply reducing equivalents for mitochondrial OXPHOS to 
generate 60–70% ATP in the mammalian heart [60–62]. The remaining 
is primarily generated by glucose oxidation with a lesser extent of amino 
acids and ketone bodies oxidation [60,61]. However, pathological car-
diac hypertrophy is associated with a shift in myocardial fuel meta-
bolism preference from FAO to increased reliance on glucose [96,97]. 
Multi-enzyme complex PDH at mitochondria plays a regulatory role in 
glucose oxidation through decarboxylation of pyruvate to acetyl-coA 
that links cytosolic glycolysis to mitochondrial ETC substrate produc-
ing TCA cycle [66,67]. To this point, PDH multi-enzyme complex 
expression and activity has been reported to be increased in human 

systolic HF patients [98]. In our current study, we have observed 
increased PDH activity measured as the production rate of nanomoles of 
NADH in mitochondria from METH self-administered rat hearts 
compared to control hearts. Hence, our data suggest METH 
self-administration causes impaired mitochondrial ultrastructure, 
compromised ETC SCs assembly, and defects in mitochondrial energy 
generating OXPHOS complexes activity accompanied by a compensa-
tory increase in PDH activity post-8-weeks of METH exposure. 

Cellular autophagy activity coordinates with energy reserve and 
mitochondria-derived ROS [71,72,99]. Under these conditions, auto-
phagy activity has been shown to be increased, whereas overexpression of 
antioxidant enzymes has been shown to normalize ROS-induced auto-
phagy [100,101]. Remarkably, we found an increased accumulation of 
autophagy-related proteins involved in phagophore initiation complex 
partner protein Beclin1, mature autophagosome marker protein LC3B-II, 
adaptor protein p62, and lysosomal enzyme cathepsin D in METH 
self-administered rat hearts than control rat hearts. The accumulation of 
LC3B-II can be either due to increased synthesis of autophagosomes or 
blockage of downstream lysosomal degradation pathways. Therefore, we 
conducted an autophagy flux assay in the presence of lysosomal acidifi-
cation inhibitor BafA1, which inhibits autophagosomes and lysosome 
fusion in primary cardiomyocytes. Notably, we found a further increase 
in LC3B-II levels in METH-exposed cardiomyocytes treated with BafA1 
compared to control and BafA1-treated cardiomyocytes. To further test 
whether METH treatment induced increased LC3B-II levels is not because 
of downstream blockage of lysosomal degradation of autophagosomes, 
we treated cardiomyocytes with PI3K inhibitor Wortmannin which in-
hibits autophagosome formation in the presence of METH [102]. 
Notably, METH failed to accumulate LC3B-II levels to a level quantitated 
in METH only and METH with BafA1-treated cardiomyocytes. To 
corroborate these findings, we further genetically ablated Atg7, an 
E1-like ligase enzyme catalyzing lipidation of LC3B-I to form mature 
LC3B-II, to deplete autophagosomes in cardiomyocytes. Notably, we 
found that Atg7 siRNA knockdown significantly attenuated LC3B-II 
accumulation compared to control siRNA-treated cardiomyocytes 
under METH treatment. Under both Wortmannin treatment and Atg7 
siRNA knockdown, we observed METH induces further accumulation of 
p62 in cardiomyocytes indicating intact METH-induced activation of 
autophagosome synthesis is required for cytosolic adaptor protein p62 
clearance. Altogether, our complementary experimental results indicate 
METH treatment induces increased autophagosomes synthesis as evi-
denced with increased LC3B-II levels in autophagy flux assay, i.e., BafA1 
and decreased LC3B-II levels in autophagosomes synthesis inhibition 
assays, i.e., Wortmannin, Atg7 siRNA, in cardiomyocytes. Mitochondrial 
superoxide (O2

• -) has been shown to be a major ROS-activating auto-
phagy. Interestingly, Chen et al. reported overexpression of mitochondria 
matrix localized Mn-SOD attenuates superoxide-induced autophagy 

Fig. 6. METH self-administration increases autophagy-related proteins expression and autophagic flux in cardiomyocytes. (A) Upper panel, representative Western 
blot images showing level of proteins involved in the autophagy process, i.e., LC3B-I, LC3B-II, p62, Beclin1 and Cathepsin D in heart whole cell lysates of control and 
METH self-administered rats. GAPDH was used as a loading control. Lower panel, box plots show densitometric quantification of LC3B-II, p62, Beclin1 and Cathepsin 
D protein levels as fold change to the control group (n = 3 male and 3 female rats per group). Data were subjected to nonparametric Kruskal-Wallis test to determine 
statistical significance. (B) Left panel, representative Western blot images showing autophagy flux assay results in vehicle and METH treated primary neonatal rat 
cardiomyocytes (NRCs). NRCs were treated with saline (vehicle) and METH (100 μM, dissolved in saline) for 24 h. Bafilomycin A1 (50 nmol/L) was added for 3 h to 
block lysosomal degradation. METH treatment significantly increased autophagy flux in cardiomyocytes as evident in increased LC3B-II and p62 protein levels in 
METH + BafA1 treated NRCs compared to Saline + BafA1 and METH only treated NRCs. GAPDH was used as a loading control. (C) Representative western blot and 
densitometric quantification demonstrate METH (100 μM for 24 h) significantly increased autophagy proteins LC3B-II and p62 compared to Vehicle treated NRCs 
which further increased post BafA1 (50 nmol/L for 3 h) treatment. However, METH treated (100 μM for 24 h) NRCs failed to increase mature autophagosome protein 
LC3B-II level in the presence of PI3K inhibitor Wortmannin (1 μM for 3 h) compared to METH-only treated NRCs. Interestingly, Wortmannin-treated NRCs exhibit 
increased accumulation of p62 compared to METH-only treated NRCs. GAPDH was used as a loading control. (D) Representative western blot and densitometric 
quantification demonstrate both Vehicle and METH (100 μM for 24 h) treated NRCs failed to increase mature autophagosome protein LC3B-II level following 
autophagy-related protein Atg7 siRNA (50 nM) mediated knockdown under baseline and BafA1 (50 nmol/L for 3 h) treatment compared to control siRNA treated 
NRCs. Notably, Atg7 knockdown further accumulated p62 levels in METH and METH + BafA1 treated NRCs. GAPDH was used as a loading control. Boxes represent 
interquartile ranges, lines represent medians, and whiskers represent ranges. Data were subjected to One-Way ANOVA followed by Tukey’s multiple comparisons test 
to determine statistical significance among the groups. A P value less than 0.05 between groups was accounted as statistically significant. *P < 0.05, **P < 0.01 and 
***P < 0.001. Ctrl, Control; Veh, Vehicle; METH, Methamphetamine, BafA1, Bafilomycin A1; Wort, Wortmannin. 
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[101]. In our current study, we have observed increased expression of 
mitochondrial matrix resident superoxide dismutase enzyme MnSOD 
expression with no change in cytosol resident antioxidant enzymes SOD1, 
glutathione peroxidase, and catalase in METH self-administered rat 
hearts compared to control rat hearts. Therefore, we treated car-
diomyocytes with mitochondria-targeted superoxide scavenger mito-
TEMPO [103]. Remarkably, we observed co-treatment with mitoTEMPO 
significantly reduced MnSOD expression with reduced expression of 
autophagy regulatory proteins LC3B-II and p62 in the presence of METH 
compared to the cardiomyocytes treated with METH alone. These results 
inform potential therapeutic benefits of mitochondria-targeted ROS 
scavengers to limit METH-induced cardiotoxicity. 

Overall, herein, we report a novel METH self-administration- 
associated cardiomyopathy model in rats characterized by salient his-
topathologic changes and cardiac dysfunctions. This ‘binge and crash’ 

rat model pragmatically can be used in preclinical research to study 
molecular mechanisms of METH cardiotoxicity and test novel thera-
peutics. Our molecular, biochemical, and redox assays revealed chronic 
METH intake ensues in large, abnormal shaped mitochondria, causing a 
decline in mitochondrial OXPHOS SCs integrity at native state corre-
sponding with attenuated OXPHOS complexes expression and activity 
with increased compensatory PDH activity suggesting altered myocar-
dial metabolic phenotypes and plausible gene reprogramming. We also 
observed an increase in autophagy by METH treatment which was 
reduced by treatment with mitoTEMPO, indicating mitochondrial 
involvement in the activation of autophagy. Therefore, future studies 
should be aimed at conducting unbiased metabolomics and tran-
scriptomic analysis to identify novel molecular targets in METH-induced 
cardiotoxicity. Furthermore, our future studies will aim to employ both 
pharmacological and genetic approaches to assess the therapeutic 

Fig. 7. Mitochondria targeted antioxidant mitoTEMPO attenuates METH-induced autophagy in cardiomyocytes. (A) Left panel, representative Western blot mem-
brane images demonstrate cellular antioxidant proteins, i.e., MnSOD, SOD1, GPx, and Catalase, in heart whole cell lysates of control and METH self-administered 
rats. GAPDH was used as the loading control. Right panel, box plots show densitometric quantifications of MnSOD, SOD1, GPx, and Catalase relative expressions as 
percent change to Control rat hearts. n = 3 male and 3 female rats per group. Data were subjected to nonparametric Kruskal-Wallis test to determine statistical 
significance. (B) Representative Western blot images demonstrating effects of vehicle, METH, and mitoTEMPO treatment on cellular antioxidant proteins, i.e., 
MnSOD, SOD1 and autophagy proteins LC3B-II, and p62 in primary neonatal rat cardiomyocytes (NRCs). NRCs were treated with saline (vehicle), METH (100 μM, 
dissolved in saline), and METH 100 μM in presence of 5 μM and 10 μM mitoTEMPO, respectively, for 24 h. MitoTEMPO (5 μM and 10 μM) were added to the culture 
medium to quench mitochondria-derived reactive oxygen species (ROS) under METH treatment. METH treatment significantly increased mitochondria localized 
MnSOD expression accompanied by increased accumulation of autophagy proteins LCB-II and p62 in NRCs compared to Vehicle-treated NRCs. Notably, mitoTEMPO 
(10 μM) treatment significantly attenuates MnSOD with a concomitant reduction in autophagy proteins LC3B-II and p62 levels compared to METH-only treated NRCs. 
GAPDH was used as the loading control. Boxes represent interquartile ranges, lines represent medians, and whiskers represent ranges. Data were subjected to One- 
Way ANOVA followed by Tukey’s multiple comparisons test to determine statistical significance among the groups. A P value less than 0.05 between groups was 
accounted as statistically significant. *P < 0.05, **P < 0.01 and ***P < 0.001. Ctrl, Control; Veh, Vehicle; METH, Methamphetamine. 
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efficacy of activating cellular mitochondria-targeted antioxidant system 
activation against METH-induced cardiotoxicity utilizing our reported 
rodent METH-cardiomyopathy models. 
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